Layered doubled hydroxides (LDH), consisting of positively charged octahedral brucite-type 10 layers and interlayer anions, have been widely studied in the last decades because of their ability 11 to control the mobility of various anions and cations in the environment. LDH may be relevant to 12 the safety case of nuclear waste repositories due to their retention potential of anionic 13 radionuclide species, for example 129 I or 79 Se. So far few studies were dedicated to Zr 14 incorporation into LDH, which might be a relevant secondary phase in the repository 15 environment due to the possible corrosion of Zr-bearing nuclear materials and the presence of respectively. Thus, the combination of solubility data and Gibbs energy minimization can be 38 considered as good alternative for the evaluation of ΔG°f of LDH. 39
LDH (Gibbs free energy of formation, ΔG°f) were determined by considering an approach based 31 on solubility data and Gibbs energy minimization and a calorimetric approach. The enthalpy of 32 formation (ΔH°f) and the lattice entropy (S°) of the Zr-LDH were determined using calorimetric 33 measurements to be -1181.01±4.98 kJmol -1 and 83.9 Jmol -1 K -1 respectively. Considering 34 contribution of the configurational entropy, the standard entropy, S°, was evaluated at 97±7 Jmol x+ . This excess positive charge is compensated by 53 anions intercalated between the brucite layers, with intercalated molecular water providing 54 hydrogen bonding between the layers. In addition to numerous synthetic LDH compounds, some 55 of them with extensive industrial applications, > 40 LDH-type mineral species are known, with 56 hydrotalcite, Mg 6 Al 2 (OH) 16 [CO 3 ]•4H 2 O, as the name-giving mineral of this super group of 57 minerals (Mills et al. 2012 cemented wastes in salt brines (Fernández et al., 2010) . Moreover, Ca-Al-LDH termed AFm as 77 well as small amounts of hydrotalcite are generally present as hydration products in cementitious 78 materials used, for example, as construction and support materials or in the engineered barrier 79 system in deep geological repositories (Taylor 1997; Glasser 1997 components by neutron activation (n,γ-reaction). Moreover, 93 Zr is generated as a significant 108 fission product due to the thermal fission of 235 U in the nuclear fuels (cumulative fission yield 109 6.35%, ENDF/B-VII.1, Chadwick et al., 2011) . Thus, 93 Zr is present in spent nuclear fuels and in 110 high-level radioactive waste resulting from their processing (i.e. nuclear waste glasses and 111 compacted hulls and end pieces), as well as in other secondary wastes associated with the 112 reprocessing of spent nuclear fuels. In a repository environment, the formation of Zr-bearing 113 LDH could provide a means of retaining/immobilizing 93 Zr. However, in order to be able to 114 account for the potential Zr-retention by solid solution formation with LDH in safety 115 assessments, reliable thermodynamic data for these phases are required. 116
In earlier studies, Zr-LDHs were synthesized with either Cl -or CO 3 2-as interlayer anions. In 117 general, the incorporation of Zr(IV) or other tetravalent metals in LDH as partial substitution of 118 Mg(II) or Al(III) was thought to be difficult due to its higher valence (Velu et al. 1998 The solids were washed three times with boiled degassed MilliQ water and finally dried in a 164 desiccator at 60°C for 24 hours to remove physically adsorbed water. The synthesis procedure 165 was carried out under argon flow to avoid carbonate contamination. 166
Material characterization 167
The contents of Mg, Al and Zr in the aqueous solutions after synthesis and in the solids were 168 determined by ICP-OES using a TJA-IRIS TM instrument, the Cl content was determined using 169 ionic chromatography. Prior to dilution for chemical analysis, the supernatant after synthesis was 170 filtered using Millipore Milliex-HV Hydrophilic PVDF 0.45 µm filters to remove colloids. The 171 solids were dissolved in 2 M HNO 3 (20 mg in 2 mL acid) prior to analysis. The amounts of OH 
(1) 199
The equilibrium constant (stoichiometric saturation constant) K(LDH) of the LDH at the 200 experimental condition of pH=10.0 ± 0.05 can therefore be calculated using eq. (2): 201 Hence, the free Gibbs energies of formation ΔG f° can be computed using the following eq.: 224
where a-e are stoichiometric coefficients and µ(i) are the calculated chemical potentials. 226
Experimental approach to evaluate the thermodynamic properties of Zr-containing 227
LDHs 228
Dissolution calorimetry 229
The enthalpy of dissolution of the Zr-LDH at 298 K was measured in a Calvet-type calorimeter 230 (Setaram-C80) using an acidic solvent. The calorimeter apparatus consists of two cells, a 231 reference cell and a sample cell, placed in the calorimetric containment. An optimum solid to 232 solvent volume ratio (10 mg in 5 mL solution) was chosen such that the dissolution is efficient, 233 fast and produces a significant thermal signal. Both cells were thermally equilibrated for 3 hours 234 before each measurement. During this time, the heat flow variation did not exceed 0.01 mW at 235 298 K. Both sample holders (from the reference and measuring cell) were then simultaneously 236 ejected into the lower cell compartments marking the start of the dissolution process. As the 237 reaction proceeds, the heat flow is recorded as function of time for about 8 hours, after which the 238 heat flow reaches the background noise of ~0.01 mW. The measured heat effect (enthalpy of 239 dissolution, ΔH diss ) was obtained by integrating the heat flow curve using the CALISTO software 240 provided by Setaram. Prior to the measurements, the calorimeter was calibrated using an 241 analogous reaction i.e. the heat released during the dissolution of KCl in water at 298 K. 242
For a better evaluation of the enthalpy of formation, the dissolution in two different solvents i.e. 243 hydrochloric acid (HCl) and nitic acid (HNO 3 ) was tested. The measured enthalpy of formation 244 was then computed following method 1 and method 2 described below. 245
Method 1: Based on the dissolution reaction in 1 M HCl given in eq. (4), the standard enthalpy of 246 formation, ΔH f 0 (LDH), is obtained using eq. (5) whereby the enthalpy of dissolution ΔH diss° 247 (LDH/HCl) equals the measured heat of the dissolution reaction. 248
where H f° is the standard enthalpy of formation of the aqueous species. Eq. 4 assumes that no 252 complexation occurs and the cations exist as free ions at low pH. 253
Method 2: The standard enthalpies of formation of the synthesized LDHs were also computed 254 from the heat effect associated with the dissolution in 1 M HNO 3 at 298 K. Because the 255 complexes (and associated energies of formation) between the nitrates and the cations 256 constituting the synthesized LDH were not known, the solution enthalpies of each cation 257 hydroxide/chloride had to be measured individually. Table 1 shows the thermocycle used to 258 calculate the ΔH f° of the synthesized LDH from the single cation hydroxide and chlorides. The 259 enthalpy of formation of ions as well as of metal chlorides and hydroxides used in the calculation 260 of the enthalpy of formation are given in Table 2 . Although the dissolution in HNO 3 introduces 261 various errors (due to the multiple steps) in the final enthalpy of formation results, it can still be 262 used to validate the results computed from the enthalpy of LDH dissolution in HCl. 263 
Low-temperature adiabatic calorimetry 268
The heat capacities of the LDH were measured with a Quantum Design Physical Properties 269 Measurement System (PPMS). A powder sample (~10 mg) of LDH was compressed into a small 270 Cu crucible. The accuracy of the mass determination was about ±0.02 mg. The heat capacity of 271 the Cu crucible was determined separately and subtracted from the total measured heat capacity. 272
At each temperature three responses to a heat pulse were measured and analyzed with the 273 software MultiVu (Quantum Design Inc., San Diego, CA, USA). 274
Data were collected upon cooling the sample from 300 K to 2 K at 145 temperature points. Then 275 the sample was heated to 250 K and the heat capacity was measured upon heating the sample 276 from 250 K to 350 K at 15 temperature points. The temperature difference between subsequent 277 steps was increased logarithmically from low to high temperatures. 278
The calibration of the heat capacity measurements was performed by measurements of Al 2 Powder XRD was used to check whether all synthesised precipitates were pure Zr-LDH phases 288 and that all Zr was structurally incorporated into the LDH. Fig. 1 depicts the diffractograms of all 289 synthesised Zr-LDH, displaying only diffraction patterns typical for LDH phases. This indicates 290 that the amounts of potential crystalline impurities in the precipitates (e.g. brucite or Al-291 oxides/hydroxides) are below the limit of detection of XRD. Moreover, no broad features, 292 characteristic of the presence of amorphous phases, were observed. For series 2 LDH Zr/(Al+Zr) 293 = 0.4, although the diffractograms shown in Fig. 1 have similar characteristics as series 1 LDH, a 294 decrease in the peak intensity at 2θ = 60° and the loss of a shoulder at the right part of the peak 295 were observed which may be taken as an indication of a decrease in crystallinity. The calculated 296 lattice parameters for all synthesised Zr-LDH are provided in Table 3 . 297 298 increasing Zr-content in Mg-Al-LDH was also observed by Rozov et al. (2015) . 321
Microstructure and impurities of synthesized solids 322
SEM observations showed that both series of LDH exhibit aggregates of platy crystals < 1 µm 323 typical for LDH (Fig. 2) . In order to investigate the homogeneity of the samples, back scattered 324 electron (BSE) images were taken and EDX spot measurements were conducted ( Fig. 3a and 3b) . sample, which is large compared to the particle size. However, regions within an area of 338 homogeneous contrast showed 5±1 atomic % of Zr, which could be regarded as an estimate for 339 the maximum Zr-uptake in the LDH structure. 340
Infrared spectroscopy was performed to characterize the nature of interlayer anions and to 341 investigate their interaction with the octahedral brucite-like layers. 
Stoichiometry of the solids 364
For series 1 (nominal Zr/(Zr+Al)= 0.1), the synthesis of the LDH at a given temperature was 365 repeated at least three times; the average elemental composition of the solids (Mg (x) Al y Zr z (OH) 2 366 Cl 2x+3y+4z-2 .mH 2 O) for each synthesis temperature were calculated and is given in Table 4 Vágvölgyi et al. 2008 ) and were applied to determine the amount of structurally bound water. 390 solutions after reaction as well as the derived equilibrium constants (calculated using eq. 2) are 431 presented in Table 5 . The aqueous concentration of cations in solution decrease with the 432 increasing temperature. Thus the solubility of the LDH decreases also with temperature (lnK(298 433 K) = -17.5 and lnK(343K) = -19.7 calculated at pH = 10 using eq. 2); which is common 434 characteristic of metal hydroxides ( Lydersen, 1990) . 435
In Fig. 7 It is worth to point out that the aqueous compositions at equilibrium with Zr-LDH reported in 455 Table 5 are slightly oversaturated with respect to brucite, baddeleyite and gibbsite. This could 456
suggest that a mixture of these phases of equivalent composition to Zr-LDH may represent the 457 most stable phase assemblage in this system, while the absence of these phases and the 458 
Gibbs free energy of formation from solution data 466
The Gibbs free energies of the synthesized Zr-containing LDH solids computed for different 467 temperatures using GEM selector are presented in Table 6 formation, which relates to the stability of the LDH phase, is constant within the temperature 471 range from 300 to 350 K. Generally, the Gibbs free energy of formation calculated from sum the 472 chemical potentials depend on the temperature of the system; this effect is however minor for the 473 considered temperature range. The Gibbs free energy is more strongly affected by the chemical 474 composition of the solid which in our case is the same at all temperatures. 475
Gibbs energy of formation from calorimetric data 476

Enthalpies of Formation 477
The standard enthalpies of formation of the synthesized LDHs (ΔH f°) were calculated from the 478 
The negative measured enthalpy of dissolution of the Zr-LDH in acidic media points to a 493 strongly exothermic dissolution reaction and therefore indicates that a temperature increase is 494 most likely to decrease the solubility of LDH (Le Chatelier's Principle). This is in good 495 agreement with the observed effect of temperature on the solubility of the Zr-LDH reported in 496 section 3.2. heating at temperatures above 290 K. These differences are due to the loss of surface water and 503 possibly also interlayer water at temperatures above 290 K, as observed in the TG-DSC 504 measurements ( Fig. 6) . The PPMS measurements are conducted in vacuum, which will 505 influence the release temperatures of adsorbed and incorporated water with respect to 506 measurements at atmospheric pressure. Therefore, the data acquired up to 290 K were used and 507
heat capacity values at higher temperature were extrapolated up to 300 K. 508
To simplify the derivation of thermodynamic functions, the heat capacity C p was interpolated by 509 a tenth degree polynomial between 2 K and 50 K and another tenth degree polynomial between 510 50 K and 290 K, where the latter then was used for an extrapolation to 300 K. The interpolated 511 heat capacity is plotted in Fig. 8 , the configurational entropy. 516
The lattice entropy (or more appropriately, the vibrational entropy) of the synthesized LDH, for 517 which no phase transition is observed, is determined as follows: 518
where C p is the heat capacity 520
The lattice entropy was evaluated to be 83.9 Jmol -1 K -1 at 298.15 K. 521
The configurational entropy is associated with disorder of the cations in the octahedral layer and 522 anions in interlayer crystallographic sites. 523
Assuming random (i.e. independent) substitution of Mg, Zr and Al in the brucite layer (complete 524 disorder), the ideal configurational entropy for the brucite layer is given as (Allada et al. 2006) : 525 The ideal configurational entropy for the interlayer is given as: 542 
544
The total configurational entropy of the Zr-LDH is therefore ~12.2 Jmol -1 K -1 , which at 298.15 K 545
translates to a contribution of -3.8 kJmol -1 to the standard Gibbs free energy. It is important to 546 note that the evaluation of the configurational entropy using the procedure described above, 547 considers neither the positional disorder of water molecules, which could increase the entropy of 548 the LDH, nor any effects of short range order (SRO), which could decrease this value. The 549 possible error in the calculated configurational entropy due to these effects is estimated here as 550 follows. The SRO within the brucite sheet is likely to be of avoidance type, meaning that the 551 highly charged cations, i.e. Zr and Al would likely avoid the occupation of neighboring 552 octahedral positions minimizing the Coulombic energy of their mutual repulsion. A similar type 553 of SRO occurs, for example, in the tetrahedral layer of micas (Herrero and Sanz, 1991) . The 554 configurational entropy of a solid solution with this type of SRO can be very roughly estimated 555 with the aid of the model of Kerrick and Darken (1975) . This model emulates the SRO as the 556 long-range order by requesting the high-charge cations to occupy the sites of a certain sublattice, 557 while the other sublattice is assumed to be fully occupied by a low-charge cation. Here we 558 assume that Al and Zr atoms can freely mix with each other and with Mg only on one third of the 559 brucite layer sites, while the other two thirds of the sites are occupied only by Mg cations. In this 560
way the contacts between high-charge cations are completely avoided. Therefore, eq. 17 is 561 modified as follows 562 Consequently, the error in the configurational entropy is taken to be 6.5 JK -1 mol -1 (given by the 572 average of the computed positive and negative contributions) and the total configurational 573 entropy is taken to be 12±6. The G°f derived from calorimetric measurements was -1046 ±7 kJmol -1 . Using the co-582 precipitation experiment data, the standard Gibbs energy of formation of the synthesized solids 583
G°f was calculated using the Gibbs Energy Minimization approach (GEM approach). The value 584 based on solubility data -1046±13 kJmol -1 is in perfect agreement with the calorimetric data. 585 Therefore, the Gibbs energy minimization approach can be seen as a valid tool for the evaluation 586 of the thermodynamic data. The calculated Gibbs free energy of formation is in the same range 587 of values as those calculated by Rozov et al., 2015 (~-872 kJmol -1 for a water free Zr-LDH with 588 Zr/(Zr+Al) ratio of 0.1) against -882±10 kJmol -1 in our study. The differences can be explained 589 by the slight variation in the stoichiometry of the solids. 590
The comparison with previously published thermodynamic data for the LDH is generally 591 hampered due to the rather different compositions studied previously. Here, the thermodynamic 592 properties of Zr-LDH with Cl as interlayer anion have been determined experimentally for the 593 first time. However, the thermodynamic data derived in this work are generally comparable to 594 the experimental measurements on CO 3 2--bearing LDH (Allada et al. 2005b (Allada et al. , 2006 . It is 595 important to note that the authors used different methods involving high-temperature oxide-melt 596 solution calorimetry and low temperature adiabatic calorimeter for the measurement of enthalpy 597 and entropy respectively. Our experimental approach for the determination of the 598 thermodynamic properties determination is different but our results are consistent with values 599 reported for other LDH compounds. 600
Using the thermodynamic data (G°f) at room temperature, the Gibbs free energy of the 601 dissolution reaction in acidic medium can be evaluated at 298 K and extrapolated to higher 602 temperatures using the Van The enthalpy of this reaction, ΔH r, was previously measured in the calorimeter at -85.58 kJmol The log k r and ΔG r values of this reaction are provided in table 9 as function of temperature. 611 The associated Gibbs free energy of reaction (G r ) and equilibrium constant (log K) are evaluated 626 at -3 kJmol -1 and 0.512 respectively. Using the concentration of Mg 2+ and Cl -reported in Table  627 5, the ionic activity product (reaction 23) at the end of the experiment is equal to -0.384 which 628 leads to a supersaturation index is of -0.896. This implies that the newly Zr-LDH will dissolve 629 according to equation 23 to reach equilibrium. Therefore, it is most likely that the synthesized 630
Zr-LDH is a metasble phase and a further reaction to form more stables phases (brucite, gibbsite 631 and baddeleyite) is kinetically hindered. 632
Summary and conclusions 633
The aim of this work was to synthesize, characterize and determine the thermodynamic 634 properties of Zr-containing LDH. Zr-containing LDHs were prepared by a co-precipitation 635 method at constant pH of 10 at Zr/(Al+Zr) of 0.1 and 0.4 respectively at temperatures ranging 636 from 298 to 343 K. Based on the characterization of the LDH, it is inferred that Zr 4+ can be 637 incorporated into the brucite-like layers for the lower Zr/(Al+Zr) ratio, but precipitates as a 638 segregated amorphous hydrous Zr-oxide at higher Zr mole fractions. The maximum Zr uptake in 639
Cl
-bearing Mg-Al-LDH was found to be approximately 5 mol % compared to the 10 mol % Zr 640 previously incorporated in CO and an experimental approach to estimate the Gibbs Free Energy of the Zr-LDH phase based on 654 calorimetry. Our approach based on solubility data included GEMs for the estimation of ΔG°f. 655 Dissolution calorimetry and PPMS were used to determine the enthalpy of formation ΔH°f and 656 entropy of the S° of the LDH system respectively. The approach based on solubility data and the 657 experimental approach for the determination of ΔG°f were in excellent agreement. 658
This work provides relevant thermodynamic properties and stoichiometric saturation constants 659 that can be used for geochemical modeling of LDH in the geosphere. 660 661
